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Abstract : The dispersion relation for surface plasmon-polariton modes of polai 
semiconductor cylindcis has been derived using Bloch hydrodynamic method and the radius 
dependence of the non-radiative modes has been studied. For small values of cylinder a 
minimum is observed m the curve The inclusion of spatial dispersion results in finite life time 
at the surface polanton modes even in collisionlcss plasma system.
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I. Introduction
The study o f  the properties o f  surface polaritons has recently received considerable  
attention 111. Surface polaritons are the couplet] photon and elem entary excitation modes 
localized at the surface or bound to the interface o f  dielectric or magnetic media [2], and 
are extrem ely  sen sitive  probes lor the surface properties as they have the m axim al 
electrom agnetic (E M ) field  intensity just on the surface. T hese studies arc o f  w ide  
applications in the field o f  integrated optics, m icroelectronics etc. [3 |. Physical properties 
ol the m edia near the surface d iffer from bulk properties and the inform ation on 
these properties can be obtained by studying the dispersion relation for surface polariton 
modes.
The properties o f surface modes depend upon the nature and geometry o f  the guiding  
surlacc. In planar or spherical surfaces, transverse magnetic (TM ) or transverse electric  
(TE) m odes may exist independently [4], but in cylindrical surfaces, independent existence
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of TM or TE modes is not possible in general, hence mixed modes have to be used in order 
to satisfy the boundary conditions at the surface of cylinder [5]. The study of behaviour of 
surface modes in materials for cylindrical geometry is of great scientific and practical 
importance, especially in the field of fibre optics [6].
In the present paper, a study of surface plasmon-polariton modes of polar 
semiconductor cylinder has been taken up using the Bloch hydrodynamical method [7] to 
incorporate spatial dispersion effects. It provides a simple, yet effective way to introduce 
the effects of spatial dispersion in the study, without using the non-local dielectric function, 
which avoids complicated mathematical analysis [8,9]. This method has been successfully 
employed by several workers [9-11] for the study of surface plasmon-polariton modes in 
spatially dispersive metallic plasma systems. Srivastava e t  a l  [12] modified this method to 
study the coupling of surface plasmon (SP) and surface optical phonon (SOP) modes of 
polar semiconductors. This modified Bloch's hydrodynamic method has been utilized here 
to study the surface plasmon-polariton modes of a polar semi-conductor cylinder.
2. Dispersion relation j
The Bloch's hydrodynamic equations for a collisionless polar semiconductor can be solved 
using the perturbation method. The first order perturbation terms, on Coupling with 
Maxwell's equations, yield J13]
(/J2V2 + o>2 -a > 2)V .£ = 0 ( 1)
and |c 2V2 + £(G )2 -to2)]v x E = 0, (2 )
where e  is the frequency-independent approximation of lattice dielectric function, and
e L « o )
e ^ c o 2 -  E0 t f  
co2 -  co2
(3 )
where £U and Eq are the high and low frequency dielectric constants and a), is the transverse 
optical phonon frequency. E is given by [12]
+ ££  = 3L (4 )
cu„ in eqs. ( 1) and (2) is the bulk plasma frequency and is given by
= i
(  A n n \V2<01 (5 )
£  m
where n ^  is the equilibrium electron density. Spatial dispersion is included through the 
quantity /?, which is the average speed of propagation of disturbance through the electron 
gas, where [ 14]
P  = $  V F , (6)
VF being the Fermi velocity. The time dependence of the EM fields is assumed to bee~,fl,,■
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Eqs. (1) and (2) may be written as :
[V2 - y 2] V £  = 0 (7)
and [V2 - o 2]V x £  = 0 . (8)
where
,  w \  -  (O2
7  P 2
(9)
and
e ( 0) l  -  a t2)
a 1 = ----- ---------- .2 ( 10)
Eqs. (7) and (8) yield an irrotational solution E {y) and divergence-free solutions 
E\ a). These solutions can be expressed in terms of scalar functions 0y and as [15]
and
£ <r) = V0 r> (11)
£ / “» = V x  (? r< t> a ). ( 12)
and £<“> = i ( V x ^ ) , (13)
where r  is a unit vector along r .
The system under consideration consists of a homogeneous, isotropic, non-magnetic polar 
semiconductor circular cylinder of radius R , its axis coinciding with the z-axis and 
embedded in a non-dispersive isotropic dielectric medium. The polar semiconductor is 
characterized by frequency dependent dielectric function £(a>) and the bounding medium by 
dielectric constant eg .
The scalar functions 0yand 0a can be expanded in terms of cylindrical coordinates as 
<t>r  = e x p (i* z )£  [{expO'n©)}^^/-)] (14)
n
and <pn = expO'tejY, [{exp(i/i0)} £„„(/■)] (15)
where k  is the component of wave vector along z-axis, and n is an integer denoting the 
mode number. The azimuthal dependence of the field enters through e ,n0% the variation of 
the fields along the axis of the cylinder through e ikz and the radial dependence involves 
various Bessel functions.
The use of eqs. (19) and (15) in eqs. (7) and (8) leads to the differential equations
r 2<t>rn + Q'rn -  (" 2 + *2rZ + J'2'-2 = 0 ( |6 )
r 2C  + ^ - ( " 2 + *2'-2 + “ 2r2) L  = o.and (17)
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where primes denote differentiations with respect to r. The solutions of the above two 
equations involve standard modified Bessel functions, defined as In (6^ ), (0^) and
K „ ( f y )  116,17], where 6 a  and dyare given by
6 1  = k 2 +  a 2
and 6 2 = k 2 +  Y 2 .
(18)
(19)
As the geometry under consideration is cylindrical, the total field will be a linear 
combination of longitudinal, TM and TE components [9],
The field outside the cylinder is obtained from the scalar function 0g  in a similar 
manner, where
and
s i
8  = -* * 7 2 -  
02 = * 2 + 5 2
(20)
(21)
The application of boundary conditions [9] v iz . the continuity of E& B e} B z and D r at the 
polar semiconductor dielectric interface i .e . at r = /?, yields the required dispersion relation 
for surface plasmon-polariton modes, including spatial dispersion effects as : \
- i ; CM
■S*
0 0 iKI2
M ' . O’
0
iOl
— i t - K  i 0 0
iK L ra fl
irt£a
— / * .  ■
i'ne
e l2
' i  - («„*). >2 K \  =
0, (22)
where
and /', 1'2 and K [  are their primes respectively and n is an integer designating the 
mode number, Q  ( = <t) /tty) and K ( =  c k  /  <op ) are the dimensionless reduced 
frequency and wave-vector respectively. R  is measured in terms of cl(Dp. /„ and Kn 
are standard modified Bessel functions, /' and K'n are derivatives with respect to their 
arguments.
The dispersion relation for surface plasmon-polariton modes for a polar 
semiconductor cylinder, neglecting spatial dispersion effects can be obtained from eq. (22) 
by taking limit / / ? —> »  ( i .e .  f t  —> 0), as
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R 1 a W s w > r +
In {Ba R ) \  a | / c fl( e s « ) |
- ( a 7 +  s * ) e i e |
K„(0sR)
- n W ( 6 l - 8 l ) 2 =0. (23)
The dispersion  curves tor surface plasm on-polariton m odes w ithout spatial dispersion  
|cq. (23 )| have been shown in Figure I for InAs [I 8 | cylinder taking the bounding medium  
io be vacuum (e B = I) lor n =  1 and R  = 10 ( - 6 .2 9  x  10 1 cm ), R  = I ( - 6 .2 9  x  I0"4 cm ), 
l< = 0.01 ( - 6 .2 9  x  10~6 cm ). The uncoupled surface plasm on m odes and the light line 
{ i l  = K )  have also been plotted in the sam e figure.
In the present work, attention has been confined only to the study o f  non-radiative 
surlace m odes w hich lie in the region Q  < K . A non-radiative surface polariton m ode 
piopogales along an interface without decay, but decays exponentially in a non-oscillalory  
manner in directions perpendicular to the interface. This type o f  mode is associated with 
r(Gj) < 0  [13].
From Figure I, it is observed  that non-radiative surface p lasm on-polariton  
mode lends towards the light line for low  values o f  w ave vector and for high values o f wave
Figure 1. Dispersion curves for surface plasmon-polarilons without spatial dispersion for InAs 
cylinders of different radii (n = I . R = 1 0  and 0 . 0 1 ) in vacuum
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vector the coupled mode tends towards the uncoupled surface plasmon mode Thus 1 
photon-like for low wave vector values and surface plasmon-like for high wave vectQS 
values. For intermediate values of the wave vector, the coupled mode exhibits a mixed 
surface plasmon-photon character which is most prominent in the region where the 
uncoupled surface plasmon mode and the light line intersect each other. A minimum in the 
dispersion curve is observed for R = 0.01 (thin cylinder). The minimum is found to 
disappear with an increase in cylinder radius, and thus is a characteristic of thin cylinders 
only. A comparative study of these curves shows that as the radius increases the results 
approach close to the results for a semi-infinite medium [19]. Thus for very thick cylinders 
the planar approximation is valid.
Figure 2. Dispersion curve for surface plasmon-polaritons with spatial dispersion for InAs 
cylinders (n = I, R = 0  0 1 ) in vacuum (vertical broken lines denote scale change)
The dispersion curve with spatial dispersion [eq. (22)] has been shown in Figure 2 
for InAs for n = l, R  = 0.01, £ = £  = 1.97 x 10-4 taking the bounding medium to be 
vacuum i.e . e B = 1. It also shows the existence of a minimum.
3. Conclusions
The dispersion curves without spatial dispersion show that the energy of the surface 
plasmon-po lari ton mode is localized at the surface and it cannot 'leak' into the interior of the 
crystal as the coupled mode frequency always lies below the bulk plasma frequency i.e . P  = 
I or (O = (Or  If the plasma is collisionless, as in the present case, then the surface polariton 
mode propagates along the surface without decay. A comparison of Figures I and 2 for
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some values of » and R , shows that as a result of spatial dispersion, the non-radiative 
surface plasmon-polariton mode crosses the bulk plasma frequency at around K  = 270 As a 
consequence, the energy of the surface mode leaks into the bulk o f  th e  p o la r  semiconductor 
medium, leading to f.mte lifetime of surface polaritons even in a collisionless plasma 
system. The mode is still non-radiative as it does not cross the light line anywhere and is 
confined to the region C l < K  as before.
The non-radiative surface modes of cylinders should be detectable in an attenuated 
total reflection (ATR) experiment ; however to the author's knowledge, no such 
experimental investigation has so far been performed for the cylindrical geometry.
Acknowledgment
The authors are grateful to Council of Scientific and Industrial Research (C.S.I.R.), New 
Delhi, for financial support.
References
[IJ M M  Auio, G  A  Farias and A A Maradudin in  E le c t r o d y n a m ic s  o j  I n te r f a c e s  a n d  C o m p o s i t e  S y s te m s  
eds R G  Barreira and W  L  Mochan (Singapore : World Scientific) p 297 (1988)
[2 ] E Buistein in  P o la r i to n s  eds E  Burstein and F De Martini (Oxford : Pergamon) Inc p I (1974)
|1| G N  Zhizhin, M  A  Moskalova, E  V  Shomina and V  A  Yakovlev in  S u r f a c e  P o l a r i t o n s
eds V M  Agranovich and D  L  M ills (Amsterdam : North-Hoiland) p 93 (1982)
[4] C  A Pfeiffer. E  N Economou and K  L  Ngai P h ys. Rev. BIO 3038 (1974)
1 5 ] R Ruppin in  E le c t r o m a g n e t ic  S u r fa c e  M o d e s  ed A  D  Boardman (New York : John Wiley and Sons) 
p 388 (1982)
|6 ] H Khosravi, D  R Tilley and R Loudon J. O p t  S o c  Am. A8 112 (1991)
17] R H Ritchie and R E  Wilems P h y s  R e v .  178 372 (1969)
[K] E  N Economou and K  L  Ngai A d v . C h e m . P h y s .  27 265 (1974)
[9] G  C  Aers, A D  Boardman and B V  Parunjape J. P h y s . F10 53 (1980)
110] S C  Ying, J R Smith and W  Kohn J. V a c  S c i. T e c h  9 575 (1972)
111] A Equiluz, S C  Ying and J J Quinn P h y s . R e v . B I1  2118 (1975)
112] K S Snvastava, A  Tandon. M  Tnvedi and N Fatima Physica B159 295 (1989)
113] A D  Boardman in  E le c t r o m a g n e t ic  S u r f a c e  M o d e s  ed. A  D  Boardman (New York : John Wiley and 
Sons) Chap I (1982)
114| L Klcmman P liy s . R e v  «7 2288 (1973)
1151 J A Stratton E le c tr o m a g n e tu T h e o r y  (New York : McGraw-Hill) p 51 (1941)
116J M  Abramowitz and I A  Stcgun H a n d b o o k  o f  M a th e m a t i c a l  Func t i o n s  (New  York Dover)
p 374 (1965)
117] G N Watson T h e o r y  o f  B e s s e l  F u n c tio n s  2nd edn (New York . McMillan) p 77 and 698 (1945)
118] C  Kntel In tro d u c  n o n  to  S o l id  S to le  P h y s ic s  5th edn (New Delhi . Wiley Eastern) p 309
119] K S Srivustava. R Raghuvanslu, K  Sinha, S K Shuklu and N Fatima I n d ia n  J  P u r e  A p p l .  P l iv s  
32 353 0994)
71A(2)-I6
